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s a result of the stressful conditions in aquaculture facilities there is a high risk of bacterial infections among
ultured ﬁsh. Chlortetracycline (CTC) is one of the antimicrobials used to solve this problem. It is a broad
pectrum antibacterial active against a wide range of Gram-positive and Gram-negative bacteria. Numerous
nalytical methods for screening, identifying, and quantifying CTC in animal products have been developed
ver the years. An alternative and advantageous method should rely on expeditious and efﬁcient procedures
roviding highly speciﬁc and sensitive measurements in food samples. Ion-selective electrodes (ISEs) could
eet these criteria. The only ISE reported in literature for this purpose used traditional electro-active
aterials. A selectivity enhancement could however be achieved after improving the analyte recognition by
olecularly imprinted polymers (MIPs).−5 −5 ol L−1).
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rine and ﬁsh samples.sensors were successfully applied to the analysis of serum,1. IntroductionLimited ﬁsheries resources and the need to increase and diversify 
ﬁsh-meat production for human consumption, the aquaculture sector 
emerged in our society. Aquaculture is an activity that involves 
aquatic organism production, including ﬁsh, molluscs, crustaceans 
and aquatic plants, in controlled conditions [1]. These animals are 
under constant threat of environmental bioaggressors, against which 
the use of antimicrobials is a common practice. Antibiotics are used for 
both prophylactic (disease prevention) and therapeutic (treatment) 
purposes and as growth promoters [2]. The chemical compounds used 
in this context are the same as those used to treat human infections. 
The intensive use of these chemicals has also contributed to their 
spread in food and environment, which may result in the emergence 
of antibiotic-resistant bacteria [3,4]. For food safety purposes, ﬁsh 
samples must be subject of rigorous and frequent controls to ensurethat residues of antimicrobials are below the maximum legal levels
[5].
Chlortetracycline (CTC) is an inexpensive antibiotic, which has
been extensively used in the prophylaxis and therapy of human and
animal infections and also at sub therapeutic levels in animal feed as
growth promoter. CTC is a broad-spectrum antibacterial, active
against a wide range of gram-positive and gram-negative [6].
Antibiotics such as CTC included in feed additives are anticipated to
end up in the environment. These chemicals may be taken up by ﬁsh,
washed off into surface waters or leached to groundwater where they
can adversely affect both environmental and human health [7]. The
health risk associated to consumption of contaminated ﬁsh, as well as
the environment contamination leads to the need of routine and
rigorous control by means of suitable analytical techniques.
Several analytical procedures are described in literature for CTC,
including microbiological methods [8–10], high performance liquid-
chromatographic associated with solid-phase extraction [11], UV
detection, [12–15] mass spectrophotometry (MS) [16], ﬂuorescence
[17–20] and amperometry [21]. The potentiometric method reported
in literature uses ion-selective electrodes (ISEs) having traditional
electro-active materials [22]. In general, most of these techniques are
accurate, precise and robust, but not appropriated for routine control
because they take too long to get results, they are very expensive and
they may also generate efﬂuents of high toxicity. Thus, there is a great
interest in the development of a simple, selective, and sensitive
Table 1
Membrane composition of CTC sensors casted in 200 mg of PVC and their potentiometric features in 5.0× 10−2 mol L−1 phosphate buffer, pH 3.
ISE Membrane compositoin Slope
(mV/decade)
R2
(n=5)
LOD
(mol L−1)
LLLR
(mol L−1)
σv
(mV)
Cvw
(%)
Active ingredient Plasticizer Additive Weight (mg)
I MIP/MAA oNFOE – 15:350:0 62.5±5.2 0.994 4.1×10−5 4.6×10−5 5.70 11.47
II NIP/MAA oNFOE – 15:350:0 48.6±8.7 0.997 4.2×10−5 6.0×10−5 7.85 2.67
III MIP/MAA oNFOE TpClPB 15:350:7.5 68.6±6.6 0.997 5.5×10−5 6.0×10−5 2.99 17.50
IV MIP/ACD oNFOE – 15:350:0 55.8±13.8 0.996 4.9×10−5 6.0×10−5 11.03 9.80
V NIP/ACD oNFOE – 15:350:0 53.6±6.4 0.994 7.4×10−5 1.2×10−4 5.08 9.95
VI MIP/ACD oNFOE TpClPB 15:350:7.5 63.5±6.3 0.994 5.3×10−5 5.3×10−5 7.07 5.80method to determine CTC in food. The development of a chemical
sensor for the selective recognition of CTC with on-site signal
transduction capability could fulﬁll this purpose.
The speciﬁc recognition of a certain analyte may be achieved by
molecularly imprinted polymers (MIPs). These materials mimic the
action of antibodies and enzymes [23,24], and can be easily tailored
with selectivity for a guest molecule [25–28]. MIPs hold many
advantages over natural receptors, such as their stability at extremes
pH and temperature conditions, high mechanical strength, low cost,
and reuse capacity. These features have led to the development of
several MIP applications, including chromatography [29–31], artiﬁcial
antibodies [32–35], chemical sensors [36–38], and solid-phase
extraction (SPE) [39–42].
Ion-selective sensors utility and simplicity have replaced otherwet
analytical methods, because they offer high precision and rapidity
measurements, analysis of low cost, and enhanced selectivity and
sensitivity over a wide range of concentrations [43,44]. Still, the
sensing material plays a key role in the sensitivity and selectivity of
ISEs, once they are based on membranes that enable the selective
recognition of a speciﬁc ion by transferring it (selectively) across the
interface between the sample and membrane phase and generating a
potential difference [45]. This electrochemical signal is a measure of
the activity of that ion.
The design of sensing materials is complementary to the size and
charge of a particular ion and can lead to very selective interactions.
An ISE speciﬁc carrier is expected to selectively bind the target
analyte but it may respond to other coexisting ions. Therefore, MIPs
may be used advantageously as ISEs sensing materials [46]. The
creation of a membrane potential does not require the template to be
extracted from the membrane, and ionic species does not have to
diffuse through it, providing no size restrictions on the template
compound [47]. MIPs acting as a carrier compound may provide a
means for selectivity enhancement because the “shape” of the
template is imprinted on it. In general, the preparation of MIPs
involves the polymerization of functional monomers in the presence
of template molecules and initiators. After polymerization, the
template molecules are removed, leaving sites with inducedFig. 1. Binding isotherm (A) and Scatchard plot (B) for CTC/MAA and CTC/AA imprinted polym
time: 20 h.molecular memory that are capable of recognizing the previously
imprinted molecules. They leave accessible binding sites with
speciﬁc shape and functional group complementarily to original
print molecule in the polymeric network. These binding sites
maintain the ordered arrangement of complimentary chemical
functionalities of the template and the overall spatial conﬁguration
of the target molecule. They have the ability of rebinding the analyte,
which generates a physical sign and the transducer then translates
this signal into a potentiometric quantiﬁable signal.
The present work describes the development of CTC MIP-based
ISEs. The sensor was synthesized with methacrylic acid (MAA) and
acrylamide (AA) functional monomers, cross-linked by ethylene
glycol dimethacrylic acid (EGDMA) within the template molecule.
The sensing materials were dispersed in a poly(vinyl chloride) (PVC)
matrix, plasticized with o-nitrophenyl octyl ether (oNPOE). The
sensors were evaluated in steady-state and ﬂowing media, and
applied to the analysis of contaminated ﬁsh, synthetic urine and
serum samples.2. Materials and methods
2.1. Apparatus
All potential measurements were made by a Crison μpH 2002
decimilivoltammeter (±0.1 mV sensitivity), at room temperature and
under constant stirring, bymeans of a Crisonmicro ST 2038. The output
signal in steady state evaluationswas transferred to a commutation unit
and reconnected to one of six ways out, enabling the simultaneous
reading of six ISEs. The assembly of the potentiometric cell was as
follows: conductive graphite | CTC selective membrane | buffered
solution (phosphate buffer 5×10−2 mol L−1, pH 3) || electrolyte
solution, KCl | AgCl(s) | Ag. The reference electrode was an Orion Ag/
AgCl double-junction (Orion 90-02-00). The selective electrode was
prepared in conventional or tubular conﬁgurations [46] for batch and
ﬂow mode evaluations, respectively. Both devices had no internal
reference solution and epoxy-graphite was used as solid contact.er. Q is the amount of CTC bond to 20.0 mg of polymer; t=25 °C; V=10.00 mL; binding
Fig. 2. Inﬂuence of pH in potentiometric response; in 1×10−4 mol L−1 CTC solution.The ﬂow Injection Analysis (FIA) assembly had a Gilson Minipuls 2
peristaltic pump,ﬁttedwithPVC tubing (0.80, 1.60 and/or 2.00 mmi.d.),
and a four-wayRheodyne5020 injection valve holding a loop of variable
volume. Support devices for tubular, reference electrodes and the
conﬂuence point accessory were constructed in Perspex. All compo-
nents were gathered by PTFE tubing (Omniﬁt, Teﬂon, 0.8 mm i.d.). The
potentiometric measurements were recorded with a Kipp & Zonen BD
111 recorder coupled to the decimillivoltammeter.
The pH was adjusted by means of a Crison CWL/S7 combined glass
electrode connected to a decimilivoltammeter Crison, pHmeter, GLP 22.
2.2. Reagents
All chemicals were of analytical grade and de-ionized water
(conductivityb0.1 μS/cm) was employed. Potassium tetrakis(4-
chlorophenyl)borate (TpClPB), oNPOE, PVC of high molecular
weight, EGDMA, MAA and AA were purchased from Fluka. Benzoyl
peroxide (BPO) and tetrahydrofuran (THF) were obtained from
Riedel-deHäen, CTC from Sigma-Aldrich and acetonitrile (ACN) from
Merck.
2.3. Synthesis of host-tailored polymers
Molecular imprinted polymers were prepared by radical polymer-
ization. For this, the template (0.5 mmol CTC) was placed in a glass
tube (14.0 mm i.d) with the functional monomer (5.0 mmol MAA),
the cross-linker (20.0 mmol EGDMA) and the initiator (0.32 mmol
BPO), all dissolved in 3 mL of ACN. Other MIP particles were prepared
similarly, by using as functional monomer AA (5.0 mmol). The ﬁnal
mixture was sonicated, degassed with nitrogen for 5 min, and placed
at 70 °C for 30 min. Non-imprinted polymers (NIP) were also
prepared following the same steps, but excluding template from the
procedure.
The obtained polymers were ground and sieved to particle sizes
ranging 50 to 150 μm. Extraction of the template molecule and
washout of non-reacted species was carried out with ACN. All
polymers (MIP/MAA, NIP/MAA, MIP/AA and NIP/AA) were let dry at
room temperature before use.
2.4. Potentiometric sensor
Sensing membranes were prepared by mixing 200 mg of PVC,
350 mg of plasticizer, oNPOE and 15 mg of the electroactive material
(Table 1). Somemembranes were also added of TpClPB (7.5 mg), acting
as anionic additive. The mixture was stirred until the PVC was well
moistened and dispersed in 3.0 mL THF. Thesemembranes were placed
in conductive supports of conventional and tubular shapes. Membranes
were let dry for 24 h and placed in a CTC solution, 1×10−3 mol L−1. The
electrodes were kept in this solution when not in use.
For hydrodynamic measurements (FIA), the carrier solution was
phosphate buffer 1.0×10−1 mol L−1, pH 3.0. The ﬂow rate and loop
were set after optimization procedures.
2.5. Potentiometric procedures
All potentiometric measurements were carried out at room
temperature. Emf values of each electrodeweremeasured in solutions
of ﬁxed pH. Increasing concentration levels of CTC were obtained
by transferring 0.0200–5.0 mL aliquots of CTC aqueous solutions
1.0×10−2 mol L−1 to a 100 mL beaker containing 25.0 mL of suitable
buffer 5.0×10−2 mol L−1. Potential readings were recorded after
stabilization to±0.2 mV and emf was plotted as a function of
logarithm CTC concentration. Calibration plots were used for
subsequent determination of unknown CTC concentrations.2.6. Binding experiments
CTC molecules acting as template were leached from the MIP
particles. This was conﬁrmed by measuring the absorbance of the
washout solution at 228 nm; the particles were repeatedly washed
until CTC was no longer detected. The polymerwas dried after at 60 °C
under vacuum, until constant weight.
Binding experiments were carried out by placing 20.0 mg of MIP
washed particles in contact with 10.0 mL CTC solutions, ranging 0.2–
5.0 μmol/mL. The mixtures were agitated for 12 h at room temper-
ature and the solid phase separated by centrifugation (3000 rpm,
10 min). Free CTC concentration in the supernatant was detected by
UV spectrophotometry at 228 nm. The amount of CTC bound to the
polymer was calculated by subtracting free CTC concentration from
the initial CTC concentration. The data obtained was used for
Scatchard analysis.2.7. Fourier transform infrared
Fourier transform infrared (FTIR) spectra were collect after
background correction with an attenuated total reﬂectance accessory.
The number of scanswas 32 for both sample and background. The plot
represented wave number, from 525 to 4000 cm−1 range, in function
of transmittance (in percentage). The resolution was set to 4.2.8. Thermogravimetric analysis
Thermogravimetric (TG) analysis was conducted for both mono-
mers MIPs (MAA and AA-based), ﬁrstly for unwashed MIP particles,
then forMIPwashed particles and at last for NIP particles. Assayswere
made by placing 2–3 mg of each particle subject to a temperature
increase of 20 °C/min, starting from 35 °C and ending at 600 °C. The
weight loss was measured for each polymer and recorded in TG
equipment Mettler TG 50, connected to a Mettler MT5 balance.
Fig. 3. Potentiometric selectivity coefﬁcients (log KPOT) of CTC membrane based sensors, in 0.05 mol L−1 phosphate buffer of pH 3.0 by separate solution method (A) and by mixed
solution method (B).2.9. Determination of CTC in ﬁsh, synthetic urine and serum
Constant weights of well grinded ﬁsh (~2.0 mg) from aquaculture
origin were transferred to a 15 mL test tube and added of 10 mL of
phosphate buffer 0.05 mol L−1, pH 3.0. The tube was close and the
mixture was strongly agitated. A sonication period for 5 min was
made to improve the extraction of soluble material. The supernatant
liquid was separated by centrifugation (1000 rpm for 5 min.) and
quantitatively transferred into a 25 mL volumetric ﬂask. The ﬁnal
volume was completed the with buffer solution. Analytical measure-
ments were conducted over this solution, added of successive aliquots
of CTC solution. These tests were also carried out in biologicalmatrices
such as synthetic urine and serum. The corresponding potential
change was measured and recorded versus time. The CTC concentra-
tion was calculated using previous calibration data.
3. Results and discussions
The key of selectivity in a polymeric membrane sensor is the
presence of the ionophore or the ion carrier [48]. Ion exchangers and
neutral macrocyclic compounds have been employed over the past
decades for potentiometric transduction. Until now, only a few
methods were reported in literature describing the use of MIP as
potentiometric sensing materials [46,49]. The advantage to associate
MIP to ISEs is avoiding the need of template extraction from the host-
tailored particle. This extraction may leave vacant recognition sites,
ready for binding, which is a typical source of uncertainty at the
determination or a sensitivity-limiting factor. In addition, there are no
size restrictions on the template compound because it does not have
to diffuse through themembrane. The binding between the ionophore
and the target ion is the molecular-level phenomenon, sensed by an
ISE [48]. Therefore, the ISE selectivity towards the other ions is
regarded to derive from the difference in the binding strengths
between the selected ionophore, used in the sensor, and different
ions. In the same way, highly-speciﬁc imprinted polymers require theformation of stable complexes between templates and their functional
monomers, reﬂecting the importance of preservation of these
complexes in the resulting polymers. Template molecules may be
strongly linked to the tailored-cavities by means of covalent bonds.
However, fast and reversible binding requires low activation energy.
This is achieved by non-covalent binding, leading to sites that are less
oriented than those in covalent imprinting but still with similar
selectivity and sensitivity [50].
3.1. Binding characteristic of the MIP
Adsorption isotherms plot the equilibrium concentrations of
bound ligand (template molecule) versus free ligand. For this purpose,
the ligand in solution interacts with the binding sites in a solid
adsorbent and when the equilibrium is reached the concentration of
unbound ligand (left free) in the liquid-phase is constant. Accordingly,
different CTC concentrations were let stand with the synthesized
particles under continuous stirring. The results of these equilibrium
binding experiments were plotted in Fig. 1A. As expected, the results
showed that the use of high CTC concentrations led to the saturation
of binding sites.
The experimental data of adsorption isotherms was used to carry
out the Scatchard analysis and estimate the binding parameters of the
MIPs. As shown in Fig. 1B, the Scatchard plot was non-linear in all CTC
concentration range due to a heterogeneous population of sites with
various afﬁnities for the printed molecule. The plot showed two
distinct sections, revealing two classes of binding sites in the MIP, of
either high or low afﬁnity. For MAA-based MIP, the apparent Kd for
high and low-afﬁnity binding sites were 12.8 and 502 μmol L−1,
associated with site populations of 263 and 514 μmol/g for dry
polymer, respectively. The results achieved for AA, showed apparent
Kd of 65.9 and 556 μmol L−1, for site populations of 260 and 455 μmol/
g for dry polymer.
In general, the MAA-based MIPs showed higher afﬁnity for the
template than AA-based polymers. In addition, the bonding
Fig. 4. Effect of loop and ﬂow rate.
Table 2
Response characteristics of MIP/MAA membrane based sensor under FI operation.
Parameter Value
Slope, mV/decade 61.0±0.21
Correlation coefﬁcient, r 0.992
Detection limit, mol L−1 1.48×10−4
LowerLimit of linear range, mol L−1 2.25×10−4
Chosen volume injection, μL 250
Chosen ﬂow rate, mL/min 6
Carrier solution Phosphate buffer 1×10−1 mol L−1, pH 3
Sampling-rate, sample h−1 ~81interactions in the imprinted binding sites are typically of hydrogen
bond since the functional monomers are responsible for this feature.
MAA or AA can form hydrogen bond with template (by means of its
amino and amide groups) in porogen solvent prior to the
polymerization.
3.2. Sensor performance
All CTC sensors contained MIP or NIP particles as electroactive
materials dispersed in oNPOE plasticizing solvent plus PVC. Charac-
terization of their main analytical features followed IUPAC recom-
mendations [51], and was ﬁrstly carried out in batch mode. The
experimental results were indicated in Table 1. All CTC sensors based
on MIP particles presented different behaviors in terms of sensitivity
and detection limits. Overall, sensors based on MAA monomers
performed better than those with AA-based electro-active materials;
they showed, respectively, linear responses starting at 4.58×10−5
and 5.96×10−5 mol L−1 CTC, cationic slopes of 62.49 and 55.81 mV/
decade and detection limits of 4.08×10−5 and 4.93×10−5 mol L−1,
respectively. The imprinting effect may be seen by comparing the
analytical performance of sensors I and II and sensors IV and V. The
most signiﬁcant difference became from the slope, with ISEs with MIP
particles displaying always the higher slopes.
In order to improve the operating features of the MIP-based
sensors, two membranes were prepared with an anionic lipophilic
compound (ISEs III and VI). Typically, the addition of ionic compounds
of lipophilic nature reduces anionic interference and lowers the
electrical resistance of themembranes [52]. The anionic additive, used
in this work, was TpClPB (Table 1). In practical terms, sensors with
additive displayed supra-Nernstian slopes and higher detection limits.
Thus, when compared the results to the corresponding sensors
without additive, it is possible to conclude that the additive had a
positive impact on sensor response, although the excessive slopes
suggest an abnormal behavior.
3.3. Response time and lifetime
The time required to achieve a steady potential response (±3 mV)
using the proposed sensors in 1.96×10−4 or 7.40×10−4 mol L−1 CTC
solutions with a rapid 10-fold increased in concentration was b15 s.
After several calibrations for each sensor, low potential drift, long-
term stability and negligible change in sensors response were
observed. When not in use, the sensors were stored and conditioned
in 1×10−3 mol L−1 CTC solution. For all sensors examined, the
detection limits, response times, linear range and calibration slopes
were reproducible within±3% of their original values over a period of
at least 7 weeks.3.4. Effect of pH
The extent and kind of CTC ionization affects the potentiometric
response and this depends on the pH of the solution. CTC has three
ionizable functional groups, with pka equal to 3.3, 7.4 and 9.3, at 25 °C.
The effect of pH on the potentiometric response was observed by
measuring the emf of a 1×10−4 mol L−1 CTC solution of variable pH,
ranging 1.0 to 12.0 pH. The pH was altered by small volume additions
of saturated sodium hydroxide or concentrated hydrochloric acid
solutions.
The overall behavior is shown in Fig. 2. ISEs without additive
displayed a potential increase as the pH decreased further than 7; this
increase was correlated to the rising number of CTC cationic species.
At pHs above 7 the potential remained almost constant. The
negatively charged CTC species is prevailing under this condition
and the ISE is apparently unable to respond to an anionic compound
due to the presence of a negatively charged lipophilic additive. Two
different operational pH ranges could be indicated for these ISEs: 1.5
to 3 and 7 to 12 pH. The potentiometric sensors with additive
displayed a single operational pH range, presenting stable potential
values form pHs 2.5 to 11.
The pH was set to 3 in further experiments. In general, ISEs need a
constant pH as well as a set ionic strength once their responsesmay be
affected by these two single parameters. Phosphate buffer
5.0× 10−2 mol L−1 was used for this purpose. A high ionic strength
was selected ensuring always that concentration could be used
instead of activity.
3.5. Sensor selectivity
To allow the use of these sensors in real analytical applications,
selectivity is one of the most relevant potentiometric features.
Potentiometric selectivity coefﬁcients can be measured for this
purpose.
The selectivity features of an ISE may be improved depending
upon the addition of lipophilic ionic site. In general, for a positively
Fig. 5. TG plots of the NIP and unleached/leached MIP particles made with MAA or AA.charged analyte, anionic additives are employed to reduce the
interference of counter-ion, keeping it away. This procedure may
also catalyze the exchange kinetics at the sample-membrane interface
and enhance the sensitivity of the membrane electrode [53,54].
There are different methods that may be used to measure
potentiometric selectivity and fall into two main groups: mixed
solution methods (MSM) and separate solution methods (SSM) [51].
This work used both methods and the MSM used was the ﬁxed
interference method (FIM).
The log KPOT values were plotted in Fig. 3 (A for SSM and B for FIM),
indicating the degree of preferential interaction for CTC over different
organic and inorganic species that are common in biological and food
samples. The former group included the antibiotics ciproﬂoxacin (CP),
sulfamethazine (SMZ), sulfathiazole (STZ), and other substances that
can be administered in aquaculture or be present in food or in the
environment as creatinine (CRET), dopamine (DPM), glucose (GLU),
cysteine (CYS), sacarose (SAC), calcium (Ca2+), potassium (K+),
lithium (Li+), magnesium (Mg2+), sodium (Na+) and barium (Ba2+).
For the SSM, ISEs with MAA based sensing materials displayed
similar behavior: CP was the most interfering compound while Li+,
Ba2+ and Mg2+ were the less interfering ones. The general relative
order of log KPOT to ISE I was CP≈SMZNCYS≈Ca2+≈K+NGLU≈
DPM ≈ S A C NC R EA T NNa+ NS T Z NL i + NB a 2 + NMg 2+ . T h e
corresponding NIP presented values of log KPOT following the order
CPNCa2+≈SMZNSAC≈Na+≈K+≈GLU≈CYS≈DPMNCREATNST-
Z≈Li+NNBa2+NNMg2+. The additive seemed to worsen the response
of the electrode. The corresponding ISE showed the log KPOT sequence
CP NK≈Ca2+≈CYS NGLU≈ SAC NSMZ≈DPM NSTZ NNa+≈CYS N
Li+NNBa2+NMg2+. MIP (ISE IV) and NIP (ISE V) based sensors of AA
monomers showed the log KPOT sequences CPNDPM≈CYS≈STZ≈
GLU≈Ca2+≈K+≈SAC≈CREAT≈SMZNNa+NLi+NNBa2+NMg2+
and CP NSMZ≈ Ca2+≈ K+≈Na+≈ CYS≈GLU≈ SAC≈DPM N
Li+NSTZ≈CREATNBa2+NMg2+, respectively. MIP of AAwith additive
followed the sequence CPNSAC≈CYSNCa2+≈K+≈GLU≈DPMN
SMZNLi+NNa+≈STZ≈CREATNNBa2+NMg2+. In this case the addi-
tive provided higher log KPOT, deteriorating the selectivity of AA based
sensor.
For the FIM, the sensors displayed different behaviors for the same
monomers. ISE I with MAA based sensing materials had the relative order
of log KPOT DPMNCPNCREATNSMZ≈Na+≈Mg2+NCYS≈K+≈STZN
Ba2+≈Ca2+≈SAC≈GLUNLi+. The sensor with the same monomer
added of additive showed that lithium kept being the compound that
had less interference, but the sequence of log KPOT was CPNCREATN
CYS≈Na+≈STZ≈SMZ≈SAC≈Ca2+≈K+≈Mg2+≈GLU≈DPM≈
Ba2+NLi+. The correspondingNIP presented different order of interference,
except forDP, themost interfering species. The relativeorder of interference
for this sensor was CPNSACNCREAT≈K+≈Mg2+NBa2+≈DPMNGLU≈
STZ≈Na+NCa2+≈Li+NCYSNSMZ. Global results obtained for monomer
AA showed that CP was the most interfering compound. MIP (ISE IV) andNIP (ISE V) based sensors showed the log KPOT sequences were CPNNa+N
CREATNBa2+≈Ca2+≈STZ≈CYS≈GLUNK+≈DPMNSMZ≈ Li+N
SACNMg2+ and CPNCREATNCYSNNa+NSTZ≈DPMNCa2+NGLU≈
Ba2+≈K+NLi+NMg2+NSMZ≈SAC, respectively. MIP with additive fol-
lowed the sequence CPNCREATNMg2+NSTZNK+≈GLU≈Na+≈DPM≈
CYSNSAC≈Ca2+≈Ba2+NSMZ≈Li+. The addition of additive provided
higher values of log KPOT, worsening the selectivity of the AA based sensor.
Although both methods presented quite different selectivity
patterns, the observed behavior was clearly anti-Hofmeister.
TpClPB was employed, expecting an increased selectivity. Howev-
er, the observed response against other cationic species was also
increased. Indeed, MIP sensors are designed for an increased
selectivity and this was suggested by the slightly higher selectivity
demonstrated by ISEs without additive. Further information cannot be
given as only papers for tetracycline were found in the literature [55].
In terms of ionophore, the results pointed out better selectivity for
imprinted particles (MIP) and for MAA monomers. This observation
was mostly consistent in both methods. In general, the results also
pointed out negligible interference from the studied organic and
inorganic species.
3.6. Optimization of ﬂow injection system
The need of a routine control process requires versatile, simple and
suitable methods for large-scale analyses. Flow injection analysis
(FIA) responds positively to these needs. For this, a ﬂow cell of tubular
conﬁguration was used to accommodate the potentiometric device.
This cell was of simple fabrication, and allowed full membrane/sample
contact, maintaining the general features of conventional conﬁgura-
tion ISEs in terms of homogeneity, thickness and ﬁxed area. The FIA
systemwas optimized by varying both ﬂow-rate and injection volume
and evaluating the corresponding effect on sensitivity, sampling-rate,
reagent consumption and wastewater generation. The MIP/MAA
sensor was used for this purpose, because it showed the best
compromise between both selectivity methods and sensitivity.
The sample loop was varied within 120 and 520 μL. The obtained
results are presented in Fig. 4, left. For each injection volume, a set of
CTC standards ranging 2.5×10−4 to 5.0×10−3 mol L−1 was injected
into the buffer carrier stream. The sensitivity of the response
increased markedly with the injection volume up to 515 μL. For
higher volumes the slope of the potentiometric response increased
but not signiﬁcantly (around 7% increased). Besides this, sampling-
rates decreased from 78 to 55 and consequently sample consumption
andwaste generation decreased too. According to this result, a sample
volume of 247 μL was selected for further experiments.
The ﬂow-rate was tested in a range from 3.5 to 8.5 mL/min (Fig. 4,
right). For each ﬂow-rate, CTC solutions with concentrations from
2.5×10−4 to 5.0×10−3 mol L−1 were injected in duplicate. The
results showed that the ﬂow-rate affected mostly the slope and the
Fig. 6. FTIR spectra of CTC and MIP and NIP polymers of MAA and AA (average of 32 scans from 525 to 4000 cm−1, with background correction, and room temperature/humidity
control).sampling-rate. The slope of the potentiometric response increase
markedly for increasing ﬂow-rates, up to 6 mL/min, and decreased
after that. The sampling-rates increased linearly with the increasing
ﬂow-rate, for which a volume of 6 mL/min was selected as optimum.
The main analytical features recorded under optimum ﬂow
conditions are presented in Table 2. Sensor response presented slopes
of 61.0 mV/decade, detection limits of 1.48×10−4 and lower limits of
linear range of 2.25×10−4 mol L−1. The sampling-rate was approx-
imately 81 runs per hour.3.7. TG characteristic of the MIP
The thermal stability of the prepared polymers and the effect of
imprinting on polymer stability were studied with TG. For this purpose,
theweight loss of CTC, leached and unleachedMIP particles aswell as thecorresponding NIP was measured up to 600 °C. All materials were
completely decomposed before reaching 550 °C (Fig. 5).
TheTGplot of CTC solid showeda loss of about25%of the initialweight
at 220 °C. The rate of mass loss increased with signiﬁcance after 420 °C
until the solidwas completely decomposed, corresponding to−50% of its
mass. For MAA based polymers the TG plots showed that the imprinting
increased the thermal stability of thepolymers; thepresenceof CTCon the
MIP particles displayed no relevant effect on the TG plots. For AA based
polymers the imprinting effect was only relevant after removing the
template from the particles; since un-leached MIP and NIP particles had
similar thermal behavior.
Generally, NIP and unleached or leached MIP particles displayed
similar degradation pattern above 400 °C, with complete decompo-
sition of the polymeric matrix before 600 °C. The thermal behavior of
unleached MIP polymers made of MAA or AA were very similar, being
the proﬁles almost coincident.
Table 3
Potentiomeric determination of CTC in ﬁsh using MAA/MIP based membrane sensor.
Sample μg CTC/mL t-student p value Found μg/mL
Batch Recovery %
Fish 1 40 3,18 2.35 41.03±0.52 102.56±1.30
80 83.09±3.56 103.87±4.45
115 123.08±4.88 107.02±4.24
150 157.00±1.93 104.67±1.28
Fish 2 40 3,18 2.35 36.19±0.45 90.48±1.14
80 74.98±0.24 93.72±0.29
115 105.83±1.56 92.03±1.35
150 140.39±2.12 93.59±1.413.8. FTIR measurements
Selectivity of imprinted polymers is ensured by the formation of
stable complexes between templates and their functional monomers
in the reaction mixture as well as their preservation in the resulting
polymers. Covalent bonds are commonly responsible for that [56].
However, energies of covalent binding are often too high for fast and
reversible binding. Electrostatic interaction with template molecules
should be suitable for potentiometric transducers. MAA and AA were
used as functional monomers, establishing hydrogen bonds with
template molecules. FTIR analysis was used to conﬁrm the similarities
between produced particles of both MIPs and NIPs as we can see in
Fig. 6.
The presence of several –CH2– is shown at about 700 cm−1. That
was not well-evidenced maybe due to the overlap of other polymers
peaks. The peaks that originated strong absorption bands at around
1100 cm−1, were due to the typical polymer bond. The presence of
carbonyl group can be found in both MIP sensors and even in CTC,
conﬁrmed by the accentuated peak presence around 1600 cm−1.
Contamination by CTC seemed to be presented in both MIP
sensors, because of the band located around 3300 cm−1, as can be
seen in Fig. 6, indicating that MIP's washing was not efﬁcient.
Spectrum divergences between the synthesized polymers arise from
the carboxylic function in MMAmonomers and the amide function in
AA. However, only a few differences were noticed but not very
evidenced by FTIR analysis. The typical adsorption of a carboxylic
group is mostly coincident with that of the ester function in the cross-
linker, as well as C=O bond of amide group. Amine belonging to theTable 4
Potentiomeric determination of CTC in serum and urine using MAA/MIP based
membrane sensor.
Sample μg
CTC/mL
t-student p value Found μg/mL
Batch Recovery % Relative
error (%)
Serum 1 40 3.18 0.23 41.83±0.11 104.57±0.27 4.58
80 78.74±0.39 98.42±0.48 1.58
115 117.06±2.15 97.55±1.79 1.79
150 154.03±6.48 96.27±4.05 2.69
Serum 2 40 3.18 0.10 42.37±0.53 105.92±1.33 5.92
80 80.94±4.41 101.18±5.51 1.18
115 120.29±10.09 100.25±8.41 4.60
150 160.09±17.76 100.06±11.10 6.73
Urine 1 115 12.70 0.29 117.59±6.63 97.99±5.53 2.25
150 157.48±4.63 98.42±2.90 4.99
Urine 2 40 3.18 0.45 36.72±0.25 91.81±0.64 8.20
80 74.77±3.14 93.46±3.93 6.54
115 118.30±8.27 98.58±6.90 2.87
150 148.80±4.16 93.00±2.60 0.80
Urine 3 80 4.30 0,05 74.67±0.63 93.34±0.79 6.66
115 117.71±1.98 98.09±1.65 2.36
150 162.25±5.08 101.40±3.17 8.17amide group presented an adsorption band coincident with the CTC
band in FTIR spectra. Aromatic ring of BPO has a small adsorption band
when compared to other adsorption intensities in the FTIR spectra.
3.9. Analytical application
3.9.1. CTC monitoring in spiked ﬁsh samples
In order to see the usefulness of the proposed method, the
determination of CTC was made in ﬁsh samples. Fish meat was
grinded and spiked within the range of 40–150 μg/mL CTC. The
analytical results were indicated in Table 3. The recovery range was
from 90.5 to 107.0% in steady-state analysis. Comparing real to
experimental CTC concentrations, the recoveries were close to 100%
and considered both positive and negative errors, thus suggesting the
accuracy of the proposed method. The t-student test conﬁrmed that
there were no signiﬁcant differences between average and variance of
static potentiometric sets of results (considering 95% conﬁdence
interval).
3.9.2. CTC monitoring in synthetic urine and serum
Although this method was developed for routine control analysis
of ﬁsh, it could be useful for the analysis of biological matrices.
Analysis in steady state displayed low standard deviations for both
urine and serum samples, as may be seen in Table 4. They displayed
low standard deviations especially in low CTC concentrations. The
precision lied within 0.11 to 11% for serum samples and 0.25 to 8.27%
for urine samples. The t-student test conﬁrmed absence of signiﬁcant
differences between averages and variances of static potentiometric
sets of results for 95% level of signiﬁcance. Generally, the results for
ﬁsh, urine and serum samples were found accurate.
4. Conclusions
Molecular imprinting technique was employed to produce CTC
host-tailored sensors for potentiometric transduction. Monomers
MAA and AA were used to produce different MIP materials. Both MAA
and AA based sensors offered good potentiometric analytical features
capable of discriminating other antibiotics in aqueous media. Great
beneﬁts of these sensors include the simplicity in designing, short
measurement time, good precision, high accuracy, high analytical
throughput, low limit of detection and good selectivity.
The MIP/MAA (and with additive) sensor was successfully applied
to the analysis on food and biological samples. The proposed method
was found simple, cheap, precise, accurate and inexpensive regarding
reagent consumption and equipment involved. Wastewaters dis-
charged were of small concern to environment regarding its volume
and composition.
Tubular devices were particularly appropriate for the routine
screening control of CTC in ﬁsh meat. They produce quicker responses
for CTC than those provided by microbiological methods, and are
much less expensive than the chromatographic methods that are used
for routine purposes.
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